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We describe the structure of a Feldmannia sp. virus (FsV) genome integrated in the brown alga, Feldmannia. This integrated
FsV genome appears to be permanently inactivated and lost its ability to excise and replicate. Unlike the replicated form of
FsV, this integrated FsV genome contains a large (.50 kb) repeat region inserted in a protein kinase open reading frame.
While related to the 173-bp repeats previously characterized in the FsV genome (Lee et al., 1995), Southern blot analysis
indicates that the repeats in the inactive, integrated FsV genome are distinct from those previously characterized. Fine
structural analysis of the repeat-insertion sites in the protein kinase gene indicates that there are 8- and 10-bp palindromic
sequences present in multiple locations located near the repeat-insertion site. The translated protein kinase contains all of
the catalytic motifs conserved in most serine/threonine protein kinases and a potential autophosphorylation site. This protein
kinase gene is expressed as RNA in sporophyte plants where virus production is active but not in gametophyte plants where
the virus genome is latent. The structure of the integrated virus genome is discussed. © 1998 Academic Press
Key Words: brown algae, ds DNA, Feldmannia sp., FSV-1, genome structure, Phaeophyceae, protein kinase, repetitive
DNA, virus.
INTRODUCTION
FsV (Feldmannia sp. viru) is a large, double-stranded
DNA virus showing persistent infection in a filamentous
brown alga from the genus Feldmannia (Henry and Meints,
1992). The designation FsV contains two virus groups dis-
tinguished largely by the size of their DNA genomes (158
and 178 kb). Both of these FsV genomes have circular
restriction maps but their genomes contain both variable
and conserved regions relative to their restriction enzyme
map sites (Fig. 1; Ivey et al., 1996). Strong cross-hybridiza-
tion between the two genomes indicates that their primary
sequences are highly similar to each other (Ivey et al.,
1996). The major difference between them is the presence
of differing numbers of 173-bp repeats which are located in
several regions of each genome (Lee et al., 1995).
FsV is produced only in unilocular meiotic sporangia
of plants from the sporophyte generation. Vegetative
cells of both sporophyte and gametophyte plants and the
plurilocular reproductive cells of the gametophyte plants
lack virus particles. The production of viruses in spo-
rangia completely eliminates formation of zoospores. In-
stead, sporangia produce polyhedral virus particles ca.
150 nm in diameter. Approximately 1–5 3 106 virus par-
ticles are produced per sporangial cell.
Virus particles are produced in almost all unilocular
sporangia, including those formed on vegetative fila-
ments that have been isolated into new cultures. This
suggests that even though virus particles have not been
detected in vegetative cells, the virus is present in these
cells perhaps as episomal DNA or integrated within the
algal genome. This hypothesis is supported by observa-
tions from Southern blot analysis that show the presence
of the FsV-specific DNA banding patterns in the restric-
tion endonuclease-digested genomic DNA of gameto-
phyte plants where virus amplification is not observed.
Here, we describe an integrated form of FsV that
appears to have lost an ability to excise and replicate in
the host alga; mature viruses bearing this genome form
have never been isolated or purified. This form differs
from the replicated viruses in carrying a repeat-region
insertion within a protein kinase gene, which in the
normal, replicated virus is located within the 3.6-kb viral
BamHI-fragment Z (B3.6Z). The repeats reported here are
sufficiently related to those previously reported (Lee et
al., 1995) that primers could be prepared from them and
used to isolate and map this related family.
RESULTS
Cloning the repeat-insertion sites in a protein kinase
gene
To clone DNA fragments of the latent FsV genome, a
lambda library was prepared from total gametophyte
generation DNA. In the gametophyte, virus replication
The nucleotide sequence data reported in this paper have been
submitted to the Genbank nucleotide sequence database and have
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is not apparent. The library was screened multiple
times, each time with mixed probes from three or four
regions scattered throughout the virus genome. The
probes were chosen so that the 14- to 20-kb inserts
carried in different clones would overlap one another,
thereby forming a set of lambda clones covering the
virus genome.
In the process of screening the library, we identified a
clone (lRPT-4, Fig. 2B) whose viral insert mapped differ-
ently from that of the purified FsV DNA from actively
replicating viruses (Fig. 1). This lambda clone contained
a 2.4-kb BamHI-fragment (B2.4, Fig. 2A) next to a region
shown by Southern hybridization to be homologous to
the 6.0-kb viral BamHI-fragment R (B6.0R) (Fig. 1). How-
ever, in the native FsV, a 3.6-kb BamHI-fragment Z (B3.6Z)
maps next to B6.0R (Fig. 1). Based on Southern blots and
sequence analysis of B2.4 and B3.6Z, we conclude that
in this viral DNA, B3.6Z was truncated and only a 1.7-kb
portion of it occurs in B2.4 (Fig. 6). The rest of B2.4
contained repeating 173-bp sequences related to but
significantly different from those previously character-
ized in the FsV genome (Lee et al. 1995). Sequence
analysis of cloned fragments of B3.6Z (cB3.6Z) and B2.4
(cB2.4) revealed that insertion of this repeat family oc-
curred inside an open reading frame (ORF) that is similar
to serine/threonine protein kinases.
Southern blot analysis of the gametophyte
genomic DNA
To verify that B2.4 containing the left repeat-insertion
site (Rp-L, Fig. 2B) exists in gametophyte genomic DNA,
a Southern blot prepared from total gametophyte gener-
ation DNA was hybridized to a radio-labeled 1.5-kb
BamHI-SalI fragment (BSa1.5) from B2.4 (see map, Fig.
2A). The probe hybridized to 5.0-, 3.6-, and 2.4-kb frag-
ments (Fig. 3B, lane 1). A similar Southern blot of the
gametophyte DNA was probed with the 0.75-kb EcoRI-
fragment (EE0.75) of the other end of B3.6Z (See map,
Fig. 1) to determine what fragments would hybridize to a
portion of B3.6Z absent in B2.4. This probe hybridized to
5.0-kb, 4.8-kb, and 3.6-kb fragments (Fig. 3C, lane 1). Both
BSa1.5 and EE0.75 hybridized to the B3.6Z fragment (Fig.
3B, lane 2, and Fig. 3C, lane 2).
FIG. 1. Restriction maps of the BamHI sites in the two FsV genomes containing the viral BamHI-fragment, Z (B3.6Z). The bisecting lines within the
FsV genome-maps indicate the BamHI sites. The designations for the DNA fragments are indicated inside the map. The symbols used to represent
restriction sites in B3.6Z are B, BamHI; E, EcoRI; and S, SalI. Arrowhead lines designated as EE0.5 and EE0.75 below the B3.6Z map indicate the DNA
fragments used as probes in Southern hybridization experiments. The protein kinase ORF is indicated as an arrowhead line designated as PK.
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The 2.4-kb BamHI-fragment found on a Southern blot
of the gametophyte DNA that hybridized only to BSa1.5
demonstrates that Rp-L in cB2.4 exists in the algal ge-
nome. The 4.8-kb BamHI-fragment (B4.8) in the gameto-
phyte DNA that hybridized only to EE0.75 must contain
the other portion of B3.6Z absent in B2.4 and the right
repeat-insertion site (Rp-R, Fig. 2). The 5.0- and 3.6-kb
fragments in the gametophyte DNA that hybridized to
both BSa1.5 and EE0.75 must contain the entire B3.6Z
fragment. The 3.6-kb fragment must be B3.6Z itself with-
out any repeat insert. Sequence analysis of the cloned
5.0-kb fragment showed that it contains a mutated
BamHI site between B3.6Z and the 1.3-kb fragment ad-
jacent to B3.6Z (data not shown).
Cloning the right repeat-insertion site (Rp-R)
The lambda library of the gametophyte DNA was
screened to obtain the 4.8-kb BamHI-fragment (B4.8)
containing Rp-R. This clone was not obtained even
though nine different lambda clones containing intact
B3.6Z fragments were obtained from virus genomes that
did not contain repeats inserted into the B3.6Z fragment.
A second strategy was therefore employed to obtain
Rp-R. Because B2.4 contains a portion of B3.6Z linked to
the 173-bp repeats, we reasoned that the other half of
B3.6Z present in B4.8 must also be linked to similar
repeats assuming that the repeat-insert in B3.6Z is con-
tinuous. PCR was performed with primers made specific
to the B3.6Z sequence assumed to occur in B4.8, and to
FIG. 2. (A) Restriction map of gametophyte genomic B2.4. Arrowhead line above the map designated as Bsa1.5 indicates the DNA fragment used
as a probe in Southern hybridization experiments. (B) Predicted structure of the latent FsV genome containing the large repeat-insert. Arrowhead lines
above the lRPT-4 map indicate the cloned DNA fragments of lRPT-4. Vertical arrows indicate the left (Rp-L) and the right (Rp-R) repeat-insertion site.
Repetitive DNAs are indicated by the short tandom arrows within each map. Position of the PCR product containing the right repeat-insertion site is
indicated by an arrowhead line below the B4.8 map. Restriction sites within B4.8 were not included since the B4.8 fragment has not been mapped
completely. Symbols: B, BamHI; E, EcoRI; P, PstI; S, SalI; and N, NotI.
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FIG. 3. Southern blot analysis of the gametophyte DNA. (A) Ethidium bromide-stained gel of the gametophyte DNA digested with BamHI (lane 1)
and the FsV DNA digested with BamHI (lane 2). The molecular weight standards are indicated. (B) Southern blot of (A) probed with the 1.5-kb
BamHI-SalI fragment (Bsa1.5) of B2.4. (C) Southern blot of gel similar to (A) probed with 0.75-kb EcoRI (EE0.75) fragment of B3.6Z.
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a conserved region in the 173-bp repeats (Fig. 6B). The
PCR product from the gametophyte DNA that hybridized
to both the 0.5-kb EcoRI fragment (EE0.5) of B3.6Z (see
map, Fig. 1) and the 173-bp repeat was cloned and
sequenced. The sequence analysis (Fig. 6B) of the
cloned PCR product showed that a portion of the B3.6Z
sequence absent in B2.4 is connected to the 173-bp
repeats.
The FsV genome with repeat-insertion in B3.6Z is
inactive
The virus genome that contains the insertion of the
repetitive region in B3.6Z appears to be an inactive virus
that does not amplify into viral particles in the sporo-
phyte. Previous genomic Southern blot analysis (Fig. 3)
indicated that both BSa1.5 and EE0.75 hybridized only to
the intact B3.6Z fragment in the purified FsV DNA di-
gested with BamHI (Fig. 3B, Lane 2, and Fig. 3C, Lane 2).
The absence of B2.4 and B4.8 in the BamHI-digested
purified FsV DNA suggests that the FsV genome with the
repeat-insertion in B3.6Z is likely to be inactive and not
subject to replication.
However, it is possible that the repeats inserted in
B3.6Z are removed before the virus replication occurs
and thereby forming the intact B3.6Z fragment from two
halves of B3.6Z that were separated by the repeats. To
address this question, we used a unique PstI site
present in cB2.4 (a putative clone of the inactive virus
genome) that is absent in cB3.6Z (a clone of the active,
replicated virus genome) to specifically identify B2.4 se-
quence (see map, Fig. 2A). By this argument, the B3.6Z
fragment formed by deletion of the repeats would have to
contain the PstI site present in B2.4; it does not.
The Southern blot of the FsV DNA and cB2.4 digested
with BamHI (Fig. 4, lanes 1 and 3) or BamHI/PstI (Fig. 4,
lanes 2 and 4) was hybridized to the radio-labeled B3.6Z
to examine the FsV DNA for the presence of any B3.6Z
with a PstI site. The B3.6Z hybridized to a 3.6-kb fragment
on both BamHI and BamHI/PstI-digested FsV DNA (Fig.
4, lanes 1 and 2). This indicates the absence of a PstI site
within B3.6Z. However, B3.6Z hybridized to the 2.4-kb
fragment on BamHI-digested cB2.4 (Fig. 4, lane 3), and
2.0- and 0.4-kb fragments on BamHI/PstI-digested cB2.4
(Fig. 4, lane 4), indicating the presence of a PstI site.
Even after long exposures, the B3.6Z fragment cleaved
with PstI could not be detected in the BamHI/PstI-di-
gested FsV DNA. Based on this result, we concluded that
the virus genome with the repeat-insertion at B3.6Z is
inactive.
The sequence alignment of a 1.7-kb region common in
B3.6Z and B2.4 indicates that even though the se-
quences are highly similar, there are base pair differ-
ences scattered throughout the sequence (data not
shown). The level of difference in sequence between
cB3.6Z and cB2.4 clearly suggests that these two clones
originated from two different forms of the FsV genome.
FIG. 4. Southern blot of the FsV DNA digested with BamHI (lane 1),
BamHI/PstI (lane 2), the B2.4 clone digested with BamHI (lane 3), and
BamHI/PstI (lane 4). probed with radiolabeled B3.6Z. The molecular
weight standards are indicated.
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Characteristics of the repeat-region inserted in B3.6Z
The 173-bp repeats in B2.4 continues into an adjacent
8.2-kb BamHI-NotI fragment (NotI site of this fragment is
in the polycloning site of the vector) (see map, Fig. 2B).
The 8.2-kb BamHI-NotI fragment (BN8.2) was cloned
(cBN8.2) and analyzed by the Southern blot analysis
where the 173-bp repeat-probe was hybridized to restric-
tion endonuclease-digested cBN8.2. The result of this
Southern analysis indicates that BN8.2 consists entirely
of the 173-bp repeats (data not shown). Attempts to clone
the DNA beyond BN8.2 have failed, perhaps due to
difficulties in cloning repetitive DNAs. However, because
the repeats are present at the NotI-end of BN8.2, the
repeats are likely to be present beyond BN8.2.
A Southern blot of the gametophyte genomic DNAs
digested with BamHI or BamHI/SspI was probed with
BN8.2 (Fig. 5). At high stringency, repeats contained in
BN8.2 do not hybridize to the previously reported re-
peat-containing viral DNA fragments located in the
viral BamHI fragments, B (formerly known as B22.0),
GG (B2.4), and FF (G2.3) of the 178-kb genome and H
(B9.3) and X (B3.9) of the 158-kb genome (Lee et al.,
1995); BN8.2 hybridized to a BamHI fragment greater
than 40 kb in size (Fig. 5, lane 1) and BamHI-SspI
fragments of greater than 40, 6.6, 3.2, and 2.2 kb (Fig.
5, lane 2). Among the BamHI-SspI fragments, 6.6-kb
BamHI-SspI fragment correlates in size to the BamHI-
SspI fragment of BN8.2 (Fig. 5, lane 4). Based on the
sum of these BamHI-SspI fragments, the repeat region
inserted in the protein kinase gene was estimated to
be greater than 50 kb.
The repeats inserted in B3.6Z appear to be distinctly
different from the repeats previously characterized in the
other DNA fragments of the FsV genome (Fig. 1; Lee et
al., 1995). The hybridization signal is very weak between
the repeat-regions in the FsV genome and BN8.2. At
highly stringent hybridization conditions, BN8.2 as a
probe does not hybridize to the viral DNA fragments
containing the previously characterized 173-bp repeats
(data not shown). Furthermore, comparisons of the re-
peat-sequences from the viral BamHI-fragments, FF and
GG, and of the repeat-sequences inserted into B3.6Z
using PILEUP of the GCG program package show that
they form two distinct groups, with the viral repeats in FF
and GG in one group and the repeats associated with
B3.6Z group in another (data not shown).
Fine structure of the repeat-insertion sites
When cB3.6Z, cB2.4 and the PCR product of Rp-R were
sequenced and compared, substantial rearrangements
were apparent at Rp-L region contained in B2.4. In B2.4,
there is 1.5-kb region common to both B3.6Z and B2.4
(Fig. 6). A 178-bp region following the 1.5-kb region com-
mon between B2.4 and B3.6Z is missing in B2.4. Then
240 bp following the 178-bp missing region in B3.6Z is
flipped in orientation in B2.4, that is, in B2.4 the reverse/
complement of this 240-bp region is linked to the 1.5-kb
region common between B2.4 and B3.6Z. In B2.4, at the
junction of the 1.5-kb common region and the flipped
region, there is 6-bp sequence, CACCAC, absent in
FIG. 5. Southern blot of the gametophyte DNA and the BN8.2 clone
hybridized to radiolabeled BN8.2. Lanes 1 and 2 are gametophyte
DNAs digested with BamHI and BamHI/SspI respectively. Lanes 3 and
4 are BN8.2 clone digested with BamHI/NotI and BamHI/NotI/SspI,
respectively. The molecular weight standards are indicated. The sizes
of the BamHI-SspI fragments in lane 2 are indicated on the right.
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B3.6Z. Following the flipped region, B2.4 contains the
173-bp repeats.
The points of recombinations in the repeat-insertion sites
are labeled 1, 2, and 3 (Fig. 6). At site 1, which joins the
240-bp flipped-region and the 1.5-kb common region, there
is an 8-bp palindromic sequence of CGGCGCCG. At site 3,
there is a 10-bp palindromic sequence of TCGAATTCGA.
Site 2 is next to an inverted repeat of CACCTTCCAC con-
tained within the 240-bp flipped region. The patches of
sequence similarities are present within the rearranged
FIG. 6. Fine structure and sequence of the intact B3.6Z in the actively replicating virus genome (A) and B2.4 and B4.8 containing Rp-L and
Rp-R in the encrypted virus genome (B). The 1.5-kb region colored with the lighter gray is common in B3.6Z and B2.4. The 178-bp region (white)
in B3.6Z following the 1.5-kb common region is deleted in B2.4. The 240-bp region (black arrow) in B3.6Z following the 178-bp region is flipped
in orientation in B2.4. The recombination sites where cleavage and ligation of DNAs must have occurred to form rearrangements present in
B2.4 and result in insertion of the repeats into B3.6Z are numbered 1, 2, and 3. These recombination sites are also denoted in the sequences
below each figure. The 8- and 10-bp palindromic sequences at the recombination sites 1 and 3 are indicated by the sequences enclosed in
gray boxes. The inverted repeat present at the recombination site 2 is indicated by the sequence enclosed in a gray box with arrowheads. The
short patches of sequence homology are shown by the arrows above the sequence with letter designations of either ‘‘a’’ or ‘‘b’’ to indicate similar
types. The 6-bp sequence CACCAC, present only at B2.4 between the recombination sites 1 and 3, is underlined. The arrows, arranged in
tandem indicate regions occupied by the 173-bp direct repeats in B2.4 and B4.8. The positions of the oligonucleotide primers used for PCR are
indicated by short arrows below the B4.8 map numbered 1, 2, and 3.
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region of B3.6Z and between B3.6Z and the inserted re-
peats. Notably, there is a 14-bp sequence of GAATTCGAT-
GTCGT next to site 3 in B3.6Z that also exists in the partial
repeat 9 bp upstream from site 3 (Fig. 6B).
Protein kinase gene
The sequence of B3.6Z revealed that the insertion of
the repeats occurred in an open reading frame that is
similar to serine/threonine-protein kinases. This open
reading frame is 1257 bp long, and the 419 deduced
amino acids of this open reading frame would encode a
ca. 45-kDa protein (Fig. 7). RNAse protection assays
using sporophyte and gametophyte total RNAs showed
that this kinase gene is expressed in the sporophyte but
not in the gametophyte (Fig. 8). Yeast RNA was used as
a negative control.
The translated kinase of this ORF contains conserved
amino acids characteristic of the catalytic subdomains
found in almost all serine/threonine protein kinases
(Hanks and Quinn, 1991). There is a potential autophos-
phorylation site (Fig. 7) based on 7 of the 20 amino acids
being either serine or threonine (Pearson and Kemp,
1991). The potential autophosphorylation site is in a re-
gion that is unique to the FsV protein kinase (Fig. 9).
DISCUSSION
We have demonstrated the presence of an inactive,
integrated virus genome in a brown alga. This genome
appears to contain an insertion of a large region of
repetitive DNA, greater than 50 kb in length, resulting in
FIG. 7. Sequence of the protein kinase gene. The conserved motifs of the serine/threonine protein kinases are indicated by the amino acids
enclosed in gray boxes in the order, I, II, III, IV, V, VIa, VII, VIII, IX, X, and XI. The conserved residues within each motif are underlined. The potential
autophosphorylation site is marked by the region in a black box. The repeat-insertion site in the protein kinase ORF is indicated by the upside down
triangle. The 386-bp region used as an antisense probe for the RNAse protection assay is underlined.
FIG. 8. RNAse protection assay of the total RNA from the sporophyte
(lane 1), the gametophyte (lane 2), and yeast (lane 3). The probe used
for the RNAse protection assay was a 386-bp region in the open
reading frame of the FsV protein kinase gene (see Fig. 7).
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a virus genome of well over 200 kb. The hypothetical
structure of this integrated FsV genome is shown in Fig.
2B. We suggest that the repeats inserted into B3.6Z of a
latent FsV genome already contained within the host
algal genome. The insertion of the repeats into B3.6Z
resulted in formation of B2.4, B4.8 and a BamHI-fragment
greater than 40 kb. Based on Southern analysis, the
repeats inserted in the integrated FsV genome appear to
be distinct from the repeats previously characterized in
regions of the viral BamHI fragments, B, GG, FF, H, and X
of the active FsV genomes (Lee et al., 1995). This sug-
gests either that the repeats in B3.6Z diverged from
repeats contained in actively replicating viruses or that
they originated from some source other than the virus
genome.
One possible cause for inactivation of this virus is the
insertion of the repeats into the 3 end of a viral protein
kinase gene. The strength of this suggestion is tied to the
fact that the protein kinase gene is expressed in the
sporophyte but not in the gametophyte plant (where the
virus genome is not expressed) suggesting that the ex-
pression of the virus is somehow tied to this PK function.
This FsV protein kinase contains all of the catalytic
motifs conserved in serine/threonine protein kinases
and a potential autophosphorylation site in a 43-amino
acid region not contained in other protein kinases. This
site is between the conserved catalytic motifs VII and
VIII. Although there are serine/threonine protein kinases
characterized from other viruses, this FsV protein kinase
appears to resemble eukaryotic cellular protein kinases
rather than other viral protein kinases. This suggests that
perhaps this kinase functions in cellular processes
rather than in virus replication or morphogenesis. Be-
cause this virus only replicates in the sporangia, it is our
hypothesis that this kinase functions in diverting sporan-
gium formation to virus production.
MATERIALS AND METHODS
Culturing conditions and DNA purification
Culturing of the algae and virus DNA purifications
were carried out as previously described (Henry and
Meints, 1992). The algal genomic DNA was prepared
from algal filaments collected on 0.95 mm nylon screen.
The collected algal filaments were frozen instantly and
ground to powder. The powdered algal filaments were
mixed gently in 0.1 M Tris-HCl (pH 8), 0.1 M Na-EDTA,
0.25 M NaCl and incubated at room temperature over-
night with 1% SDS and 100 mg/ml protease K.
The algal cell-lysate was centrifuged. After centrif-
FIG. 9. Partial amino acid sequence alignment of the protein kinases showing the location of the potential autophosphorylation site in the FsV
protein kinase. The potential autophosphorylation site is indicated by the black box. The serine and threonine residues within the autophosphorylation
site are marked with asterisks under the sequence. Accession numbers of the protein kinases used for the alignment are human (p27448), mouse
(q05512), Arath (jc1446), rat (q09137), Caenorhabditis elegans (s44859), DicDi (p25323), and wheat (q02066).
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ugation, the supernatant was extracted with chloro-
form:isoamyl alcohol, 24:1. To precipitate polysaccha-
rides, the lysate was incubated on ice for 1 h with 25%
ethanol. The precipitated polysaccharides were pellet-
ted by centrifugation and discarded. The DNA in the
supernatant was precipitated in the presence of 2 M
NaCl and 2 vol of 100% ethanol. The precipitated DNA
was pelleted by centrifugation, dried, and resus-
pended in 24 ml of TE (10 mM Tris-HCl (pH 8), 1 mM
EDTA) with 5 mg/ml RNAse. The DNA was further
purified on 1.65 g/ml CsCl-gradient. Often the DNA
contained too much polysaccharide even after CsCl-
gradient purification for easy digestion with restriction
endonucleases. Final purification was therefore per-
formed with 80 mg of DNA placed on QIAGEN DNA
purification columns (QIAGEN Inc., Chatsworth, CA).
Southern blot analysis
For preparing Southern blots, 15 mg of gametophyte
DNA, 30 ng of FsV DNA and 500 ng of FsV DNA were
digested with BamHI in 13 BamHI buffer (New England
Biolabs, Beverly, MA) and electrophoresed through a
0.8% agarose gel in TAE (0.04 M Tris-acetate, 0.001 M
EDTA). Gels were stained with ethidium bromide and
photographed by UV transillumination. The electropho-
resed DNAs were transferred onto a nylon membrane
(Hybond-N, Amersham).
The probes for hybridizations to genomic DNA blots
were prepared by radio-labeling gel-purified inserts of
the clones with 100 mCi of [a-32P] dCTP (6000 Ci/mM)
(DuPont NEN, Boston, MA) using Ready-To-Go DNA La-
beling Beads (Pharmacia, Piscataway, NJ). Southern
blots were prehybridized for 1 h in the hybridization
buffer (50% formamide, 7% SDS, 0.25 M NaCl, and 0.12 M
Na-phosphate buffer, pH 8.2) and hybridized at 42°C in
15 ml of the same buffer containing 5–10 3 107 dpm of
labeled probe for 8–16 h. The hybridized blots were
washed twice in 0.13 SSC, 0.1% SDS for 20 min and
autoradiographed at 280°C with intensifying screens.
For hybridization at higher stringency, the hybridization
temperature was raised to 55°C and the blots were
washed at 70°C. For the Southern analysis of the FsV
DNAs and cloned DNAs, the same procedure was used
except 1–3 3 107 dpm of labeled probe was added to the
hybridization reaction.
Cloning the viral DNA fragments in the gametophyte
genomic DNA
A lambda library was prepared from gametophyte
genomic DNA using the lambda FIX II/Gigapack II Clon-
ing Kit (Strategene, La Jolla, CA) following the procedure
provided with the kit. Plaque lifts were prepared and
hybridized to radio-labeled probes following the protocol
of Sambrook et al. (1989). Positive lambda clone DNAs
were digested with BamHI or BamHI/NotI in 13 BamHI
buffers and electrophoresed in 0.8% Agarose gel in TAE
buffer. Southern blot analysis of the electrophoresed
DNAs were performed as described above. Lambda in-
serts were amplified in pUC 119 vectors using Esche-
richia coli DH5a for mapping and sequencing.
PCR amplification of the repeat-insertion site
For PCR amplification of the Rp-R, two primers specific
to the B3.6Z sequence at Rp-R and one oligonucleotide
primer specific to a conserved site of the 173-bp repeats
were synthesized (Fig. 6B). Because the 173-bp repeats
previously reported and reported here vary in sequence
and length, only a conserved region among the repeats
was used to design the repeat-primer. The two oligonu-
cleotide primers specific to B3.6Z at Rp-R were designed
such that one oligonucleotide would hybridize to the
sequence upstream of the second oligonucleotide.
Using gametophyte DNA as template, the first PCR
was carried out with the primer 3 (GACCTCGATTTGACA-
CACTTGG) and the repeat-primer 1 (AGGTTGGCTCCTT-
CGAGGATCGGGGA). The PCR product from the first re-
action was used as template in a second PCR performed
with the primer 2 (GATCAGGATCCGATTTCGTCCACGAG-
CTGCGTGCGACCG) and the repeat-primer 1 (See B4.8
map, Fig. 6B).
Template DNAs (1, 10, and 100 ng of gametophyte
genomic DNAs) were mixed individually with 40 pM of
the oligonucleotide primers in 13 Taq polymerase buffer
with 0.2 mM dNTPs, 1.5 mM MgCl2. The reaction mixture
was heated at 94°C for 4 min to denature the template,
and 2.5 units of Taq polymerase (Gibco/BRL, Gaithers-
burg, MD) was added. For the first PCR, a 4 min incuba-
tion at 94°C was followed by 30 cycles of 94°C (1 min),
45°C (1 min), and 72°C (1 min). For the second PCR, a 4
min incubation at 94°C was followed by 25 cycles of
94°C (1 min), 65°C (1 min), and 72°C (1 min). After the
reaction was completed, 15 ml of the PCR-amplified sam-
ples were electrophoresed on a 2% Synergel (Diversified
Biotech., Inc., Boston, MA), 0.5% agarose gel in TAE
buffer and analyzed by Southern hybridizations for veri-
fication of the PCR product. The appropriate PCR product
was gel-purified and cloned using the TA Cloning Kit
(Invitrogen, San Diego, CA).
Sequence analysis of the repeat-insertion sites
Template DNAs (double-stranded plasmid DNA) for
sequence analysis were purified using a plasmid DNA
purification kit (QIAGEN Inc., Chatsworth, CA). Sequenc-
ing was performed by an Applied Biosystems Model
370A DNA Sequencer with M13 Forward primer, M13
Reverse primer and oligonucleotide primers synthesized
to regions previously sequenced. DNA sequences were
compiled and analyzed using the GCG program suite
(Devereux et al., 1984). Sequence similarity searches of
the GenBank and the EMBL databases were performed
using programs based on the BLAST algorithm (Altschul
et al., 1990).
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Preparation of total RNA
Algal cultures were harvested before they reached
maximum density. Cells were collected and ground as
described for algal genomic DNA purification. Powdered
cells (10 g of cells) were placed in 20 ml of 4 M gua-
nidium thiocyanate, 25 mM Na-EDTA, 2.5% sarcosyl, 10%
b-mercaptoethanol. After the sample has melted, 2.6 ml
of 3 M NaOAc (pH 4.8) was added. Then the sample was
extracted with 10 ml of phenol and 5 ml of chloroform:
isoamyl alcohol (24:1). Nucleic acids in the aqueous
layer were precipitated with an equal vol of isopropanol,
pelleted by centrifugation, and resuspended in 2.6 ml of
0.1 M LiCl, 1% SDS, 0.1 M Tris-HCl (pH 9.0), 10 mM EDTA.
The resuspended nucleic acids were mixed with 1/3 vol
of 8 M LiCl and stored overnight at 4°C to precipitate
RNA. The precipitated RNA was centrifuged at 15,000 g
for 15 min at 4°C. The pellet was rinsed with 2 M LiCl and
then with 70% ethanol. The washed pellet was air-dried
and dissolved in 500 ml of DEPC-treated water.
Ribonuclease protection assay
The 386-bp region (Fig. 7) of the protein kinase gene
was amplified by PCR and cloned in pCRII vector pro-
vided in TA Cloning Kit (Invitrogen, San Diego, CA). The
antisense RNA probe for the RNAse Protection Assay
was labeled with [g-32P] rUTP (800 Ci/mM) using the
MAXIscript SP6/T7 Transcription Kit (Ambion, Austin,
Texas). The RNAse protection assay was performed us-
ing RPA II Kit (Ambion, Austin, Texas).
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